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HUMIDITY SENSOR 

This invention relates to improved sensors and to a method of determining the level 
of humidity of an atmosphere. 

It is known that certain ceramic materials exhibit a change in resistance or impedance 
with changes in the humidity of the atmosphere to which they are exposed. Thus, 
these ceramic materials have been proposed for use in humidity sensors. 

Humidity sensors comprising such ceramic materials offer advantages over 
conventional hygrometers of the kind which rely on changes of capacitance with 
change in humidity because changes in resistance are easier to monitor and register 
electronically. 

IEEE Transactions an Electron Devices, Vol 1 ED-29, No. 1, January 1993 describes 
humidity sensors comprising MgCr 2 0 4 - Ti0 2 and Ba^S^ Ti0 3 doped with MgCr 2 0 4 . 
However, in use, the base resistance of the ceramic material gradually increases, 
necessitating a heat cleaning process between successive operations. 

Another known humidity sensitive ceramic is Nb 2 0 5 doped with Ti0 2 . However, as 
described in Sensors and Actuators 24(1990) 55-60, the ceramic shows a gradual 
increase in impedance with time. Thus an aging process is required to produce a 
stable sensitivity to humidity. 

Sensors and Actuators 4(1983) 85-96 describes how humidity sensitive ceramics 
MgCr 2 0 4 - Ti0 2 , Ti0 2 - V 2 0 5 and Fe 2 0 3 have been observed to show a progressive 
drift in resistance when exposed to highly humid environments. 

The problems of drift in resistance and the need for heat cleaning have been 
overcome in some humidity sensors by the addition of small amounts of alkali ions. 
However these then produce problems with the stability of the alkali ions at the surface 
of the sensing materials. Such materials are MgFe 2 0 4 doped with 2 mol% K+, U + or 
Na + and ZnCr 2 0 4 - LiZnV0 4 as described in Sensors and Actuators 10(1986) 379-398. 
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A MgAI 2 0 4 sensor, as described in Sensors and Actuators 4 (1983) 85-96, ne» ywu 
humidity sensitivity. However, the impedance in less humid atmospheres was found 
to be too high for practical measurements. 

A sensor consisting of Sn0 2 with 10% AI 2 0 3 and 5% Ti0 2 was found to have 
shortcomings due to significant temperature dependence and sensitivity to inflammable 
gases as described in Sensors and Actuators 16(1989) 1-11. 

The materials CaMn0 3 , SrFe0 3 , BaTi0 3 , LaCr0 3 and Ba 0 ^Sb 0!002 TiO 3 were found to 
be insensitive to humidity changes. CaTi0 3 CaSn0 3f SrTi0 3 and SrSn0 3 showed 
humidity sensitivity at elevated temperature but had conductivities too smali for 
practical use as humidity sensors. The materials 000.9130 ,1103, Ca 09 La 01 SnO 4( 
Sr 0 9 Lao.tTi0 3 and Sr 0 JLa^SnOg showed a performance which was strongly dependent 
on temperature and a response time which was slow - taking 5 minutes to attain 
steady-state values of conductivity: 

A KgO doped Ba^ Sr 05 Ti0 3 humidity sensor showed an inductance loop over low 
relative humidity (5-30%) and low frequency (5-40 Hz) range making it unsuitable for 
use under those conditions. 

As described in Journal of Material Science 26(1991) 3874-3878, Ni(AI, Fe) z 0 4 -Ti0 2 
sensors showed slower response to decreasing humidity than to increasing humidity 
above 40%. Thus a hysteresis loop is present. 

We have discovered that a semi-conducting ceramic composition comprising a solid 
solution of at least two metal oxides, at least one of which being a binary metal oxide 
having the formula MJVI'Oy where M is divalent metal, M* is tetravalent metal, x is 1 
or 2 and y is 2 + x, is superior to known ceramics for use in humidity sensors since 
they do not exhibit the disadvantages and drawbacks of the known ceramics described 
above. 

In addition, the compositions of the present invention generally exhibit chemical 
stability within the range of temperatures at which atmospheric humidity is normally 
required to be measured and furthermore, the porosity of molded forms of the 
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compositions, which is important in a humidity sensor since it controls the amvum ui 
surface area available to the atmosphere for a given volume or mass, is readily 
controllable by use of appropriate means for forming the molded body, e.g. powder 
pressing and/or sintering. 

For the purposes of this specification, Si and Ge are classed as metals. In addition, 
for the purposes of the specification, where we refer to a solid solution of at least two 
metal oxides we mean either doping at least one metal oxide with a small amount of 
at least one other metal oxide, or a true solid solution. The ability of two substances 
to form solid solutions is determined primarily by geometrical considerations but also 
by electronic and other factors. 

There are two primary ways by which "foreign 8 species may be introduced into crystal 
structures as a solid solution with the simultaneous maintenance of thermodynamic 
equilibrium: (a) the direct substitution of the solute for the host atom, (b) the 
introduction of the solute into normally unfilled interstitial positions. 

In the direct substitutional solid solution (a), the solute cations or anions (or both) 
substitute in a random manner directly onto the crystal structure of solvent ions; the 
extent of solution is primarily governed by certain structural and chemical factors. 

In interstitial solid solutions (b), the solute ions are normally small and can occupy, 
normally in limited amounts, interstitial positions rather than substitute for the filled 
sites of the solvent material. 

According to the present invention there is provided a humidity sensor comprising a 
semi-conducting ceramic body having surface exposed to the atmosphere and whose 
electrical resistance varies with the variation in the humidity of the atmosphere to 
which it is exposed, and means for measuring the resistance of the body and wherein 
said body comprises a semi-conducting ceramic composition comprising a solid 
solution of at least two metal oxides, at least one of which is a binary metal oxide 
having the formula M x M*Q y where M is divalent metal, M 1 is tetravalent metal, x is 1 
or 2 and y is 2 + x. 
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The invention also provides a method of determining the level of humumy w 
atmosphere, the method comprising measuring the resistance of a semi-conducting 
ceramic body comprising a solid solution of at least two metal oxides, at least one of 
which being a binary metal oxide having the formula MJVPO, to where M is divalent 
metal, M 1 is tetravalent x is 1 or 2 and y is 2 + x, the surface of said solid solution 
being exposed to said atmosphere. 

In general, it will be found that in order to obtain a solid solution the metals of the 
simple metal oxides and of the binary metal oxides should be chosen from Groups IB, 
IIB, IVB and VIII of the Periodic Table, and in particular from those which also fall in 
the 4th and 5th Periods of the Table. All references herein to the Periodic Table relate 
to the version found on page 149 of 'Table of Physical and Chemical Constants' by 
G.W.C. Kaye and T.H. Laby, published by Longman, 14th Edition. 



Specific examples of simple metal oxides suitable for use in this invention are ZnO, 
CoO, TO, Co 3 0 4 and NiO. Specific examples of binary metal oxides suitable for use 
in the invention are Zr^SiO,, Co 2 Si0 4 , Ni 2 Si0 4 . Zr^GeO,, CuGe0 3 , Co 2 Ge0 4 , Ni 2 Ge0 4 , 
Zn 2 Sn0 4 , MgSn0 4 , Co 2 Sn0 4 , Cd 2 Sn0 4 , Ba 2 Sn0 4 , NfeSnO,. 

Specific examples of combinations of oxides which form solid solutions suitable for use 
in the invention are 



Combination 


Ranges of concentrations at which solid solution is 






obtainable 


A 


B 


(mole %) 


Zn 2 Ge0 4 


Co 2 Ge0 4 


up to 19% B in A or up to 35% A in B 


Zr^GeC^ 


Ni 2 Ge0 4 


less than 19% B in A or up to 14% A in B 


Zn 2 Si0 4 


Co 2 Si0 4 


up to 50% B in A or up to at least 10% A in B 


Co 2 Ge0 4 


Ni 2 Ge0 4 


entire range of concentration 


Zn 2 Sn0 4 


Co 2 Sn0 4 


expected to be entire range of concentration 


Zn 2 Ge0 4 


CuGe0 3 




Zn 2 Ge0 4 


Zn 2 Si0 4 


entire range of concentration 


Zn 2 Sn0 4 


NiO 
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Zr^SnC^ 


CoO 


Co 2 Ge0 4 


Co 2 Si0 4 


Co 2 Ge0 4 


Co 2 Sn0 4 


Co 2 Si0 4 


Co 2 Sn0 4 


Zn 2 Ge0 4 


Zn 2 Sn0 4 


Zn 2 Si0 4 


Zn 2 Sn0 4 


N^GeC^ 


Ni 2 Si0 4 



It is not necessary for the entire composition to be in the form of a solid solution, 
provided that at least a part of the mixture of oxides has formed a solid solution. The 
present of a solid solution in the composition may be detected by X-Ray analysis in 
known manner. 



The composition comprising a solid solution may be formed in any suitable manner. 
One preferred method involves mixing the oxides and then firing or sintering the 
mixture. The composition may be formed into a ceramic body such as a pellet or 
wafer either during or after the step of forming the solid solution. Where the electrical 
resistance of the as-formed body is too high for the intended use, this may be lowered 
by annealing in a reducing atmosphere. This means that by appropriate choice and 
control of heat treatment, electrical resistivity may be adjusted to meet any particular 
need. 

Without wishing to be bound by the following theory, we believe that when the ceramic 
is of an ionic-type the change in resistance with humidity is due to chemisorption of 
water molecules on the surface of the oxides. The chemisorption causes dissociation 
of water molecules to 'form surface hydroxyls. Physisorption can then take place on 
top of this. 

When the ceramic is of an electronic - type, the water molecules in the atmosphere 
being detected act as an electron donating gas on the semi-conductive oxides and 
thereby increase conductivity. 

With increased humidity, further layers of water are adsorbed and the high electrostatic 
fields resulting from the initially adsorbed species causes a far greater dissociation and 
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At drier conditions, the number of extra charge carriers fall to the extent that the 
resistivity is dominated by the ceramic bulk. 



The invention will now be illustrated by the following Examples and drawings in which: 

is an X-Ray diffraction pattern of the ceramic formed in 
Example 1. 

is a plot of resistance against atmospheric humidity of the 
ceramic formed in Example 2. 

is a plot of resistance against atmospheric humidity of the 
ceramic formed in Example 3. 

is a plot of log(resistance) against relative humidity for the 
ceramic formed in Example 14. 

is a plot of log(resistance) against relative humidity for the 
ceramic formed in Example 16. 

is a schematic diagram of one arrangement for the sensor. 



Example 1 

In a first experiment, an intimate mixture of ZnO and Ge0 2 , in the molar ratio of two 
of ZnO to one of Ge0 2 , was formed by one of two alternative methods. 

In the first a slurry was formed from the powder mixture and de-ionized water. The 
slurry which was then ball-milled with cylindrical sialon media for approximately 12 
hours. The resulting slurry was then dried in an oven to evaporate the water and the 



Figure 1 



Figure 2 



Figure 3 



Figure 4 



Figure 5 



Figure 6 
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residue was ground to powder form in a pestal and mortar. In the second meinoa me 
powder was mixed by hand in a pestal and mortar. The first of these two methods 
produces a more intimate mixture of the two starting materials and a finer particle size 
due to the crushing effect of the ball-milling. Ball-milling, however, is time consuming 
and best suited to large quantities of powder mix (100-200g). In most experimental 
cases smaller amounts of each sample were produced (20-30)g. Since it was found 
that the intimacy of mixing and the particle size produced by pestal and mortar mixing 
was sufficient to produce monophase, well sintered material from the firing phase, this 
method was used in preference in most cases. 

The mixture was then pressed Isostatically into 13mm diameter 1mm thick discs and 
then fired at 1200°C for 12 hours, thus the calcination and sintering stages were 
carried our in a single firing process. The sintered bodies exhibited up to 4% 
expansion in volume. The pellets were then crushed, reground with about 10% 
cobaltic oxide (Co 3 0 4 ), pressed again into 13mm diameter 1mm thick discs and fired 
for another 12 hours at 1200°C. The Co 3 0 4 is converted to CoO during firing. 

In a second experiment an Intimate mixture of the three oxides in the same proportions 
was pressed into 13mm diameter 1mm thick discs and fired for 12 hours at 1200°c. 

The X-Ray diffraction patterns of the samples showed 2n 2 Ge0 4 and ZnO indicating 
that a reaction between the cobalt oxide and zinc germanate has occurred resulting 
in the formation of cobalt germanate and zinc oxide and that formation of a solid 
solution between the cobalt germanate and Zn 2 Ge0 4 has occurred. The X-Ray 
diffraction patterns are reproduced in Figure 1. 

Semi-conductivity was then induced in the product by annealing in a dry nitrogen 
atmosphere. Resistance versus temperature characteristics of the samples were 
studied using a purpose built microprocessor controlled system in which two point 
resistance measurements could be performed on up to 10 samples with temperature 
controlled from room temperature to 450°C. 

Gallium-indium contacts were applied to the top and bottom surfaces of the sintered 
pellets, which were first smoothed with wet and dry paper. A DC potential of 2 volts 
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was applied across the sample and the resulting current was measured, ™„ w 
sample was heated in air in a computer controlled oven to 450°C at a rate of 3°C per 
minute. Current measurements were made at temperature increments of 10°C with 
the sample first held at the required temperature for 2 minutes to allow the current to 
stabilize. The measurements of temperature and current were recorded fay the 
computer. 

The resistance versus relative humidity characteristics were investigated using a 
purpose built humidity chamber, an electrometer and a commercial humidity meter. 

The humidity chamber consisted of a sealed cylindrical chamber with two inlet valves, 
a gas mixing chamber between them, an outlet valve, a recess into which was sealed 
the probe from the humidity meter, a copper stage with a thermocouple and 
temperature control circuit and electrical connections for two point resistance 
measurements on four samples. The two inlet valves were connected to dry and 
saturated gas supplies respectively. Bottled nitrogen was used for the dry gas and 
compressed air bubbled through water at room temperature for the saturated gas. The 
humidity in the chamber was controlled by allowing a mixture of the two gases into the 
chamber, whilst allowing air out via the outlet valve. The humidity in the chamber was 
measured using a Thermal Measurement Systems THP 338 digital Termo-Hygro 
recorder. A Keithley 617 programmable electrometer was used to provide a constant 
voltage across the two contacts on the sample and to measure the resulting current. 
Resistance of the samples was in the range of 100's MQ so current values to be 
measured were very small. Gallium-indium contacts were used. 

Voltage current characteristics were measured from 0-100V. Current was measured 
with respect to time for constant of voltage and humidity to check the stability of the 
samples. Current versus relative humidity was measured, keeping values of voltage 
and temperature constant. 

Measurement of the resistance of the body while exposing it to atmosphere of varying 
humidity at a given temperature proved that the resistance was highly dependent on 
the relative humidity. For example, a change of resistivity was found to occur from 5 
x 10 7 ohm in ambient atmosphere to about 10 12 ohm in vacuum or dry atmosphere. 
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This property was found to be reproducible and reversible. 
Example 2 

Following the pressing and sintering procedure described in Example 1, a semi- 
conductive ceramic solid solution of 16 mole % Zn 2 Ge0 4 and 84 mole % Ni 2 Ge0 4 was 
formed and a plot of its resistance against atmospheric humidity, expressed as the 
difference in temperature between wet bulb and dry bulb, is reproduced as Figure 2. 

Example 3 

A semi-conductive ceramic solid solution of 90.5 mole % 2n 2 Ge0 4 and 9.5 mole % 
Co 2 Ge0 4 was formed following the pressing and sintering procedure described in 
Example 1 and using a sintering temperature of 1200°C, and a plot of its resistance 
against atmospheric humidity is reproduced as Figure 3. 

Example 4 

A semi-conductive doped solid solution was formed in accordance with the procedure 
described in Example 1 except that the sintered pellets were crushed and ground to 
a fine powder. The material and required amount of dopant were then mixed 
thoroughly in a pestal and mortar, as with the precursor powders. The doped material 
was then pressed into pellets using a small quantity of PVA binder, since once fired 
the material proved to be too dry to adhere in the green-body form. These pellets 
were then re-fired in air for 12 hours at 1200°C. 

Examples 5 to 39 

Following the pressing and sintering procedure described in Example 1 and using a 
sintering temperature of 1200°C, semi-conductive ceramic solid solutions were formed 
from the following combinations of oxides and found to exhibit electrical resistivity 
which varied with variation in the humidity of the atmosphere to which the ceramic 
body was exposed. In all the following examples, the reported percentages are molar 
unless otherwise indicated. 
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Example 


Composition 


5 


90.5% ZnjjGeO, and 9.5% Co 2 Ge0 4 


6 


91.3% COjGe0 4 and 8.7% Zn 2 Ge0 4 


7 


84% Co 2 Ge0 4 and 16% ZrijGeC^ 


8 


91.3% NI 2 Ge0 4 and 8.7% 2n 2 Ge0 4 


9 


84% NijGe0 4 and 16% Zn2Ge0 4 


10 


90% Co 2 Ge0 4 and 10% NijGe0 4 


11 


50% Co 2 Ge0 4 and 50% Ni2Ge0 4 


12 


10% Co 2 Ge0 4 and 90% N^Ge0 4 


13* 


90% Zn 2 Ge0 4 and 10% CuGe0 3 


14 


Zn 2 Ge0 4 + 10% Co 3 0 4 


15 


Zn 2 Ge0 4 + 10% NiO 


16 


Zn 2 Ge0 4 + 10% Co 2 Ge0 4 


17 


Co 2 Ge0 4 + 10% Zn2Ge0 4 


18 


Zn 2 Ge0 4 + 10% Ni 2 Ge0 4 


19 


Ni 2 Ge0 4 + 10% Zn 2 Ge0 4 


20 


Zn 2 Sn0 4 + 10% Co 3 0 4 


21 


Zn 2 Sn0 4 + 10% Co 2 Sn0 4 


22 


Zn2Sn0 4 + 10% NiO 


23 


Znj-SiO, + 10% Co 3 0 4 


24 


Zn 2 Si0 4 + 10% Co 2 Si0 4 


25 


Zn 2 SiO 4 + 10%NiO 


26 


ZngS^ + 10% NijSi0 4 


27 


Zn2Sn0 4 + 10% Cd 2 Sn0 4 


28 


Zn 2 Sn0 4 + 10% MgSn0 3 


29 


Zn 2 Sn0 4 + 10% Ba2Sn0 4 


30 


Zn 2 Sn0 4 + 10% BaTi0 3 


31 


Zn 2 Sn0 4 + 10% TiO 


32 


MgSn0 4 + 10% Zn 2 Sn0 4 


33 


Cd 2 Sn0 4 + 10% Co 2 Sn0 4 


34 


Zn 2 Ge0 4 + 10% Zn 2 Si0 4 


35 


Zn2SnO 4 +10%Co 2 GeO 4 
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36 ZrigGeC^ + 10% Co 2 Si0 4 

37 Zn 2 Sn0 4 and 10% by weight, based on 
Zr^SnC^, of COjSnC^ 

38 Zn2Si0 4 and 10% by weight, based on 
Zn 2 Si0 4 , of Co 2 Si0 4 

39 Co 2 Si0 4 and 10% by weight, based on 
COgSiO^ of Zn 2 Si0 4 

* fired at 1000°C 

Plots of log (resistance) against relative humidity for the compositions of Examples 14 
and 16 are reproduced as Figures 4 and 5, respectively. 

Plots of resistance against relative humidity show a decrease in resistance with 
increasing relative humidity. The decrease in resistance with humidity is approximately 
exponential, with the resistance levelling off at high and low humidity. 

With reference to Figure 6, the sensor comprises electrodes 1, which are in contact 
with a pellet of the semiconducting ceramic body, 2. The electrolyte, 3, is formed by 
hydroxy! ions chemisorbed and/or physisorbed on the surface 4 of the ceramic body. 
The hydroxyl ions are formed by the disassociation of water molecules in the humid 
atmosphere. 
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CLAIMS 

1 . A humidity sensor comprising a semi-conducting ceramic body having surface 
exposed to the atmosphere and whose electrical resistance varies with variation in the 
humidity of the atmosphere to which it is exposed, and means for measuring the 
resistance of the body and wherein said body comprises a semi-conducting ceramic 
composition comprising a solid solution of at least two metal oxides, at least one of 
which is a binary metal oxide having the formula NLM 1 O y where M is divalent metal, 
M 1 is tetravalent metal, x is 1 or 2 and y is 2 + x. 

2. A humidity sensor as claimed in Claim 1 , characterised in that the metals are 
selected from Groups IB, IIB, IVB and VIII of the Periodic Table 

3. The humidity sensor as claimed in Claim 1 or 2 characterised in that the 
metals are selected from the 4th and 5th Period of the Periodic Table. 

4. A humidity sensor as claimed in any one of Claims 1 to 3, characterised in that 
the ceramic composition comprises a solid solution of two metal oxides, both of which 
are binary metal oxides having the formula M x M 1 0 Y where M is divalent metal, M 1 is 
tetravalent metal, x is 1 or 2 and y is 2 + x. 

5. A humidity sensor as claimed in any one of Claims 1 to 4 characterised in that 
the ceramic composition is porous. 

6. A humidity sensor as claimed in any one of Claims 1 to 5, characterised in that 
the ceramic body may be formed by powder pressing, sintering or powder pressing 
and sintering. 

7. A method of determining the level of humidity of an atmosphere, the method 
comprising measuring the resistance of a semi-conducting ceramic body comprising 
a solid solution of at least two metal oxides, at least one of which is a binary metal 
oxide having the formula M^M'o, where M is divalent metal, M 1 is tetravalent metal, 
x is 1 or 2 and y is 2 + x, a surface of said body being exposed to said atmosphere. 
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